Beam scanning in proton therapy is a medical technique to lower the dose to healthy tissue while irradiating a tumor volume. Scanned proton beams for proton radiation therapy require small beam sizes at the tumor location. In beam scanning, a small beam usually less than 1 cm diameter is swept across the tumor volume with two magnets located several meters upstream of the patient. In general, all proton beams in a therapy facility must be transported from the accelerator to the treatment rooms where the scanning systems are located. This paper addresses the problem of transporting the beam without losses to the patient and achieving a small beam at the tumor location in the patient. The strengths of the beam line quadrupoles were allowed to vary to produce the desired beam sizes along the beam lines. Quadrupole strengths were obtained using the beam simulation program TRANSPORT 1 originally from Stanford Linear Accelerator Center in Palo Alto, CA. An enhanced version of the original program by Accel Soft Inc. in San Diego, CA has been used for these studies. Beam size measurements were used for comparison with TRANSPORT to verify the predictions of TRANSPORT calculations.
Introduction
Four rooms at Loma Linda are currently being used to treat more than one hundred patients per day. 2 The facility layout with the treatment rooms is shown in Fig. 1 . All quadrupoles in the switchyard and gantries have an effective length of 29 cm and a maximum field gradient of 1.3 kG/cm. Three of the patient treatment rooms contain rotating beam lines called gantries which can direct the beam from any azimuthal angle around the patient as shown in Fig.2 . This paper examines the quadrupole solutions for the three gantries to provide a small beam at isocenter. 3 with the proposed scanning magnets in the "nozzle". The entire magnet structure can rotate 360 degrees about the patient to bring beam to isocenter from any azimuth angle. The nozzle is the segment between the last gantry bending magnet and the patient where beam spreading occurs.
Beam Size requirements for scanned proton beams
Since the beam entering into any treatment room is usually less than two centimeters diameter and has an approximately Gaussian shaped profile, some means of increasing the area of the beam to a large uniform size must be developed. Presently, Pb and lexan foils with contoured shapes are used to scatter the beam into a large diameter. When raster scanning is implemented in the future, two scanning magnets will deflect the small pencil beam across the tumor. These devices which are used to spread the beam into a large area are referred to as beam delivery systems or "nozzles". Fig. 3 shows the contributions to beam size at the end of the proton's range as a function of the incident proton energy. Some assumptions about nozzle design and minimal mass in the beam path upstream of the patient have been used to estimate the scattering contribution from the nozzle. In general, this contribution decreases with increasing proton energy in accordance with the Highland 4 formula for multiple Coulomb scattering. The second beam size contribution increases with energy because the protons travel further in tissue before stopping. In addition to these contributions, the minimum spot size which can be achieved in vacuum at isocenter must be included. This contribution should be smaller than the quadratic sum of the other two to maintain a small beam size. For the example shown in Fig. 3 , we have taken the desired beam size in vacuum at isocenter to be approximately 2.6 mm = σ x = σ y over the full range of energies (70 to 250 MeV) and gantry angles (0 0 to 360 0 ). Fig. 3 A graph of the minimum beam size which can be expected for a hypothetical nozzle at the end of proton range in the patient. Beam size contributions due to 1) multiple Coulomb scattering from a "low mass" nozzle upstream of the patient, 2) multiple coulomb scattering from patient tissue upstream of the stopping depth of protons in the patient, 3) the beam optics contribution due to beam emittance from the accelerator and 4) the sum of 1), 2) and 3) added in quadrature. The beam optics contribution, 2.6 mm, represents a goal for this study which is less than the sum of the other two contributions which can not be significantly reduced further.
Methods
The G1(Gantry 1) beam line as shown in Fig.1 uses ten switchyard quads (SQ1 -SQ10) and eight gantry quads (GQ1-GQ8). This beam line runs from the extraction septum to the isocenter of G1. TRANSPORT was used to calculate the quadrupole strengths which best satisfy our constraints, at least approximately, and predict the horizontal (X) and vertical (Y) beam sizes in the beam lines and at isocenter. The initial values of the emittances in X and Y for each energy were taken from earlier studies 5 and used in TRANSPORT as the starting values at the extraction septum. At 250 MeV, the emittances (1 rms, unnormalized) that we used were ε x = 0.6 π mm-mrad and ε y = 2.5 π mm-mrad.
To simplify the task, the gantry optics were studied alone to find values of α x , α y , β x and β y at the input of the gantry which could give small beam sizes (σ x and σ y < 2.6 mm) at isocenter for all gantry angles. Small dispersions (R 16 and R 36 ) at the nozzle are also important so that beam position does not change throughout the beam spill due to changing beam momentum or magnet power supply fluctuations. The eight quads on the gantry were allowed to vary independently to achieve these constraints for each trial of α and β. We tested input values of α from -1.0 to +1.0 and β from 0.5 m to 5.0 m. For simplicity, we kept α x = α y and β x = β y . The best results obtained with these simulations are shown in Next, the ten switchyard quadrupoles were allowed to vary to match the desired α's and β's at the gantry input while achieving several other constraints. In particular, we found that beam position stability could be improved by reducing the dispersion R 16 from the 90 0 switchyard bend magnet to the nozzle. SQ7 through SQ 10 were varied to achieve this constraint. Quads SQ1 through SQ6 were then allowed to vary to achieve best match in α and β at the gantry input. Also, SQ1 through SQ6 were varied to achieve small values of R 11 and R 21 from the septum to the nozzle. Smaller values of R 11 and R 21 have improved position stability at the nozzle when intensity fluctuations in the accelerator exceeds 20 or 30% from spill to spill. For beam scanning, the required intensity changes from spill to spill may be 20:1 which will make the stability issue even more important. These constraints were approximately achieved as follows: R 11 = 0.5 (septum to nozzle) R 21 = -0.2 mm/mrad (septum to nozzle) R 16 = 0.05 m (switchyard 90 0 bend to nozzle) α x = -0.3 α y = -0.2 β x = 3.3 m β y = 3.1 m (at input of G1)
The beam sizes predicted from TRANSPORT were then compared with measured data. Nine multi wire ionization chambers (MWIC's) were distributed throughout the G1 beam line to acquire beam size measurements. The X and Y emittances along with their α and β values at the extraction septum were then varied to obtain improved agreement between TRANSPORT predicted beam sizes and actual measurements. We then verified that the predicted rms beam sizes at isocenter remained small.
Results
The results for 250 MeV in G1 at 270 0 gantry angle are shown in Fig. 5 . The agreement is quite good in both planes. The predicted beam size at isocenter (which presently can not measured due to Pb foils in the beam path at 3 meters from the patient) still falls within our desired limit of 2.6 mm. For fixed quad strengths, the predicted beam size at isocenter changes slightly with gantry angle but is still less than 2.6 mm. The emittance values used at the septum in Fig. 5 are listed below in Table 1 . Further refinements, using these emittances will be done to get a better match at the input to the gantries and therefore a better match to the gantry model in Fig. 4 . Extending this optics solution to G2 and G3 was achieved using the FODO cells in the North-South line. Each FODO cell consists of a focussing quadruple, a drift, a defocussing quadruple and another drift. The α's and β's at the entrance to the G1 90 0 bend magnet were noted and replicated at the G2 90 0 bend and G3 90 0 bend by requiring a 180 0 phase advance of the X and Y beam ellipses at these positions in the beam line. The eight quadrupole values on G1 and the SQ7 through SQ10 values were then copied over to the G2 and G3 beam lines. One result using this technique is shown in Fig. 6 . The quadrupole strengths were scaled down by momentum to 70 MeV in the G2 beam line and beam size measurements were taken as before.
TRANSPORT was initially run with the same α's and β's at the septum as the 250 MeV beam. The emittances were increased in proportion to1/p and the momentum spread was increased to 0.014% (1 rms) as determined by the RF voltage in the accelerating cavity. The emittance parameters were then allowed to vary to achieve a good visual fit to the beam size measurements as shown in Fig. 7 . The final 70 MeV emittance values used in Fig. 7 can be seen in Table 1 . The optics solution for 70 MeV was also confirmed in G1 and G3 using the FODO cells in the North-South beam line. Although the emittance parameters are slightly different than for 250 MeV, the same beam constraints have been achieved at 70 MeV. Subsequent tests at 150 MeV in all three gantries showed similar results with good agreement between TRANSPORT and measured beam data. 
Conclusions
A method of finding an optics solution which allows a small beam at the isocenter of a rotatable gantry has been presented. These solutions have already demonstrated enhanced position stability in the passive nozzles in the Loma Linda gantries. Using the FODO cells in the switchyard, nearly identical optics can be achieved in all three gantries. The solution can be applied to other energies by scaling the quadrupole strengths according to the beam's momentum. Because this paper represents a "works in progress", more improvements may still be necessary. First, there is an elliptical shape to the beam at isocenter which will vary with gantry angle. In theory, this will require additional studies, but in practice, the multiple Coulomb scattering due to nozzle material and patient tissue will remove most of the ellipticity of the beam shape. Secondly, the gantry optics is not truly identical between gantries 1, 2 and 3. Some variation in beam size can be seen at isocenter from Fig. 5 and Fig. 6 . Better matching of the beam parameters at the switchyard dipoles and gantry input should improve this. Finally, the vertical beam size at isocenter in Fig 7 is slightly larger (2.9 mm) than the design goal of 2.6 mm, but it does not significantly alter the beam size prediction at 70 MeV in Fig. 3 . In summary, the work presented here has demonstrated a good foundation for scanned beam delivery systems in the future.
